Abstract: Three new thiophene based organic luminescence compounds, i.e., 2,5-bis(4'-N,N-dimethylaminostyryl)thiophene (BMST), 2,5-bis(4'-N,N-diethylaminostyryl)thiophene (BEST) and 2,5-bis(4'-N-cyclobutylaminostyryl)thiophene (BBST), were synthesized. All of their measured single-photon excited fluorescence (SPEF) are located in the range of » 530 nm with quantum yields of around 40 %, and the corresponding lifetime was » 1 ns. The examined compounds show strong solvatochromism in their SPEF spectra. Excited by a fs laser at 800 nm, a strong up-converted fluorescence of the examined compounds was detected. The profile of two-proton excited fluorescence (TPEF) was similar to that of SPEF. The two-photon absorption (TPA) cross sections of the compounds were determined by the TPEF method. All the compounds showed large TPA cross sections. Hence these thiophene derivatives may have good TPA properties.
INTRODUCTION
The two-photon process, predicted by Goppert-Mayer in 1931 1 and observed by Peticolas in 1960s, 2 received little consideration for a long time. Simultaneous to the development of laser technology, molecules with large two-photon absorption (TPA) cross sections have received more and more attention because of the variety of their applications such as two-photon excited up-converted laser, 3 two-photon fluorescence microscopy, 4, 5 three-dimensional optical memory, 6 photodynamic therapy. 7 Thiophene has a lower resonance energy than benzene and a better coplanar conformation than polyenes, 8, 9 which have usually been used as electron relays in nonlinear materials in recent years. Compounds based on thiophene may have better two-photon excited fluorescence (TPEF) characteristics than those based on styrene or polyene. Hence, three new compounds derived from thiophene, i.e., 2,5-bis(4'-N,N-dimethylaminostyryl)thiophene (BMST), 2,5-bis(4'-N,N-diethylaminostyryl)thiophene (BEST) and 2,5-bis(4'-N-cyclobutylaminostyryl)thiophene (BBST), were synthesized (the structures are shown in the Scheme 1). They all emit strong single-photon excited fluorescence (SPEF) and two-photon excited fluorescence (TPEF).
RESULTS AND DISCUSSION

Linear spectral properties
The absorption spectra were recorded on a Hitachi U-3500 spectrophotometer and the SPEF spectra on an Edinburgh FLS920 fluorescence spectrometer.
Linear absorption spectra of the examined compounds
The structures of the compounds BMST, BEST and BBST are symmetrical, and intramolecular electron transfer in the ground state is small. Hence, there is lit- tle bathochromic shift in the linear absorption spectra of BMST, BEST and BBST in different polar solvents (shown in Fig. 1 ). The profiles of the absorption spectra of BBST are almost the same in toluene and N,N-dimethylformamide. The peak absorption of the compounds are located at 436 nm (BMST), 438 nm (BEST) and 442 nm (BBST) and there is no linear absorption from 550 nm to 1000 nm. The peak shift of the different compounds may be caused by the different electron donating ability of the electron donor.
Single-photon excited fluorescence
The SPEF spectra of BMST, BEST and BBST measured in toluene on exitation at 400 nm with a 450 W Xe lamp are shown in Fig. 2 . The shapes of the SPEF spectra of the examined compounds are similar because of their analogous structure. The peak emission is immediate and the peak at the longer wavelength is located at l max em = 523 (BMST), 527 (BEST) and 531 nm (BBST). In the nonpolar solvent, toluene, all the SPEF emissions are obviously split into two peaks. This may be caused by different vibrational energy levels in the excited state.
As a result of the strong electron donating ability of the alkyl amino groups of the compounds, intramolecule charge transfer may occur when the molecules are excited to an excited states. Then an obvious solvatochromism occurred in their SPEF spectra in different solvents. The SPEF spectra of BMST in different solvents are shown in Fig. 3 . The peak emissions are red-shifted following the change of the solvent polarity, l max em = 523 (toluene), 527 (tetrahydrofuran), 529 (acetone), 534 (acetonitrile), and 541 nm (N,N-dimethylformamide).
Two-photon excited fluorescence
The TPEF of most compounds is weak, so a high concentration of the compounds is necessary, whish may cause a change in their linear absorption spectra. Before the measurement of TPEF, the absorption spectra of the compounds were measured at a high concentration (the same concentration as the one used for the TPEF measurements) (Fig. 4 and Fig. 5 ). The absorbance of the peak absorption is very strong at this concentration, but there was still no linear absorption at wavelengths from 580 nm to 1000 nm.
The TPEF spectra of BMST, BEST and BBST in tetrahydrofuran and toluene were recorded using a Ti:Sapphire fs laser as a pump source, and the fluorescence signal was recorded by a streak camera system (Hamamastsu model C5680). A barrier filter was put between the sample and the detector system to avoid scattered light.
The TPEF spectra of the compounds showed similar characteristics to their SPEF in different solvents. The TPEF spectra of BMST in tetrahydrofuran are shown in Fig. 4 . The peak emission wavelength in the TPEF spectrum is at 527 nm, which is the same position as that in the SPEF spectrum. This may be explained by the assumption that the emission energy level corresponding to the TPEF is the same as the one corresponding to the SPEF, even though the excitation energy is different (the summation energy of the two photons in the TPEF experiments was higher than that of the single photon in SPEF experiments). The spectra of linear absorption, SPEF and TPEF of BBST in toluene are shown in Fig. 5 . The maximum of the absorption is at 438 nm and there is no linear absrotpion from 590 nm to 1000 nm even with a concentration of 5.0´10 -4 mol/L. In the low polar solvent, toluene, the SPEF emission obviously splits into two peaks, one at 501 nm and the other at 531 nm. However, the spectral profile of the TPEF is a single peak at 537 nm. This may be explained by re-absorption. The absorption at 501 nm with a concentration 5.0´10 -4 mol/L in toluene cannot be neglected, so the supposed emission peak of TPEF at this wavelength may be absorbed. The remaining emission peak is located at 537 nm, the analogous wavelength as one or the SPEF.
TPA cross section measurement
The two-photo absorption cross section, s, is one of the most important parameter of TPA materials. In our experiments, the TPA cross section of the studied compounds BMST, BEST and BBST were obtained by the TPEF method. 10 Using strictly the same experimental condition, the TPEF spectra of BMST, BEST and BBST in toluene (or in tetrahydrofuran) and that of fluorescein in 0. where f, C, n and F are the fluorescence quantum yield, concentration, refractive index and the TPEF intensity, respectively. The subscript flu refers to the standard fluorescein. At the wavelength of the incident laser, i.e., 800 nm, the TPA cross section s flu is 361 0 -50 (cm 4 s) photon, 11 and its fluorescence quantum yield f flu is 0.9. 10 The calculated values of the TPA cross sections s of the studied compounds are shown in Table I : Three new compounds derived from thiophene, i.e., BMST, BEST and BBST, were synthesized. All the compounds showed good linear fluorescence properties. The peak emissions are located at » 530 nm and the corresponding lifetimes are » 1 ns. The fluorescence spectra exhibit solvatochromism. This may be explained by intramolecular charge transfer in the excited states.
All the compounds emit strong up-converted fluorescence with 800 nm laser excitation. The two-photon absorption (TPA) cross sections of the compounds were determined by the TPEF method. All the studied compounds showed a large TPA cross section. Hence the thiophene derivatives may have good TPA properties.
EXPERIMENTAL
General methods
The studied compounds were synthesized by the Witting reaction which was conducted under a dry N 2 atmosphere. The reagents were used as received from commercial supplier. THF was distilled over sodium and the other solvents were redistilled before use.
Synthesis of 2,5-diformacylthiophene
To 8 mL (0.1 mol) thiophene and THF in a flask under a N 2 atmosphere were added dropwise under stirring 125 mL 1.6 n-butyllithium in hexane. The stirring was continued for 1 h at room temperature. Then, 23 mL (0.3 mol) DMF was dropped into the flask at -78°C, after 2 h, the solution was poured into 500 mL water, the pH was adjusted to 7, and the product was extracted with CHCl 3 . On further purification by column chromatography, a yellow powder was obtained (yield 53 %). 
Synthesis of dialkylaminobenzaldehyde
The dialkylaminobenzaldehydes were synthesized according to Ref. 
Synthesis of 2,5-bis(4'-N,N-dimethylaminostyryl)thiophene (BMST)
Under N 2 and at 0°C, a solution of 0.03 mol t-BuOK in 50 mL THF was added dropwise to a flask containing 0.02 mol dimethylaminotoluenyltriphenylphosphonium bromide, 2,5-diformacylthiophene and 200 mL THF. The reaction mixture was kept for 15 h at room temperature. The mixture was poured into 500 mL water, and the product extracted with CHCl 3 . After further purified by column chromatography, a dark-red powder was obtained (yield 42 %). 
Synthesis of 2,5-bis(4'-N,N-diethylaminostyryl)thiophene (BEST)
The same method was used to synthesize BEST. Yield 38 %. 
Synthesis of 2,5-bis(4'-N-cyclobutalaminostyril)thiophene (BBST)
The same method was used to synthesize BBST. Yield 29 %. Sintetizovana su tri nova organska luminiscentna jediwewa zasnovana na tiofenu, i to: 2,5-bis(4'-N,N-dimetilaminostiril)tiofen (BMST), 2,5-bis(4'-N,N-dietilaminostiril)tiofen (BEST) i 2,5-bis(4'-N-ciklobutilaminostiril)tiofen (BBST). Sve wihove jedno-fotonski pobu|ene fluorescencije (SPEF) nalaze se u oblasti oko 530 nm sa kvantnim prinosom od 40 % uz odgovaraju}e vreme`ivota od oko 1 ns. Prou~ena jediwewa pokazuju jak solvatohromizam u svojim SPEF spektrima. Pobu|ivawem sa fs laserom ispitivana jediwewa pokazuju fluoroscenciju ka pove}anim talasnim duinama. Profil dvo-fotonski pobu|ene fluorescencije (TPEF) je sli~an kao kod SPEF. Popre~ni presek dvo-fotonske apsorpcije (TPA) odre|en je TPEF metodom. Sva ispitana jediwewa imaju veliki TPA popre~ni presek. Stoga, ovi derivati tiofena imaju dobre TPA osobine. 
